Dissociation of molecular hydrogen (H 2 ) is extensively studied to understand the mechanism of hydrogenation reactions. In this study, H 2 dissociation by Au 1 -doped closed-shell titanium oxide cluster anions AuTi 3 O 7 − and AuTi 3 O 8 − has been identified by mass spectrometry and quantum chemistry calculations. The clusters were generated by laser ablation and massselected to react with H 2 in an ion trap reactor. In the reaction of AuTi 3 O 8 − with H 2 , the ion pair Au + −O 2 2− rather than Au + −O 2− is the active site to promote H 2 dissociation. This finding is in contrast with the previous result that the lattice oxygen is usually the reactive oxygen species in H 2 dissociation. The higher reactivity of the peroxide species is further supported by frontier molecular orbital analysis. This study provides new insights into gold catalysis involving H 2 activation and dissociation.
I. INTRODUCTION
Oxide supported gold catalysts have been extensively studied owing to their excellent performance in many reactions including hydrogenation [1] [2] [3] [4] and formation of hydrogen peroxide [5] . Dissociation of molecular hydrogen (H 2 ) is usually the rate determining step in catalytic hydrogenation [6, 7] and great efforts have been devoted to investigating the nature of gold catalysis in H 2 dissociation [8] [9] [10] [11] [12] . The perimeter sites [8] [9] [10] [11] [12] [13] in between gold particles and oxide supports are generally important for catalytic reactions while the molecularlevel mechanism of H 2 dissociation by the gold-oxide perimeter sites is unclear owing to the complexity of real-life catalysts.
Gas-phase clusters that can be studied under isolated and well controlled conditions are ideal models to uncover the mechanistic details in the related condensedphase systems [14] [15] [16] [17] [18] [19] [20] . Gold-doped heteronuclear metal oxide clusters are being actively studied to understand the molecular-level mechanism of bond activation by the gold-oxide perimeter sites [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] 
II. METHODS

A. Experimental methods
The Au x 48 Ti y O z − clusters were generated by laser ablation of a mixed-metal disk compressed with Au and 48 Ti powders (Au: 48 Ti=1:1 in molar ratio) in the presence of 0.2% O 2 seeded in a He carrier gas with a backing pressure of 6.0 standard atmospheres. The clusters of interest (AuTi 3 O 7 − and AuTi 3 O 8 − ) were mass-selected with a quadrupole mass filter (QMF) and then entered into a linear ion trap (LIT) reactor, where they were confined and cooled by collisions with a pulse of He atoms for around 1.0 ms and then interacted with a pulse of H 2 or D 2 for a period of time (1.6−4.7 ms). The temperature of cooling gas (He), reactant gases (H 2 , D 2 , or N 2 ), and the LIT reactor was around 298 K. The clusters ejected from the LIT were detected by a reflectron time-of-flight mass spectrometer (TOF-MS). The details of running the TOF-MS [41] , QMF [39] , and LIT [42] can be found in our previous work. The pseudo-first-order rate constants were determined by a least-square fitting procedure [43] .
B. Computational methods
Density functional theory (DFT) calculations using the Gaussian 09 [45] [21, 27] . Thus, the TPSS functional was adopted in this work. The TZVP basis set [46] for Ti, H, and O atoms and the D95V basis set [47] combined with the Stuttgart/Dresden relativistic effective core potential (denoted as SDD in Gaussian software) for Au atom were used in the calculations. The relaxed potential energy surface scan was used extensively to obtain good guess structures of intermediates and transition states along the reaction pathways. The transition states were optimized using the Berny algorithm [48] . Intrinsic reaction coordinate calculations [49, 50] were performed to confirm that each transition state connects two appropriate local minima. Vibrational frequency calculations were carried out to check that the intermediates and transition states have zero and only one imaginary frequency, respectively. Furthermore, the single point energies of the low-lying isomers of AuTi 3 O 7 − and AuTi 3 O 8 − clusters were recalculated by the highlevel coupled-cluster method with single, double, and perturbative triple excitations (CCSD(T)).
III. RESULTS
The TOF mass spectra for the interactions of laser ablation generated and mass-selected (FIG. 1(a) ), indicating that these signals are due to the chemical reaction rather than collisioninduced dissociation. The assignment of the product ions was confirmed by the isotopic-labeling experiment (FIG. 1(d) (reaction (2b) ). The production of Ti 3 O 7 H − was confirmed by the isotopic-labeling experiment (FIG. 1(g) ).
The pseudo-first-order rate constants (k 1 ) , FIG. 2(b) ). The H−H bond in I1 is significantly activated because the H−H bond length increases from 74 pm in free H 2 to 89 pm in I1. In the next step, the gold atom delivers the attached H 2 to the O 2 2− unit and then H−H bond cleaves with a barrier of 0.13 eV (I1→TS1→I2 , FIG. 2(b) ). The formed OOH species is an important intermediate in the condensed phase [11] and the O−O bond cleavage occurs with a (FIG.  1(b) in FIG. 1(b) . The lowest-lying isomer of AuTi FIG. 3(a) ) at the CCSD(T) level corresponds to the reactive isomer of AuTi 3 O 7 − . FIG. 3(b) shows that the generation of Ti 3 O 7 H − +AuH (P4, −0.95 eV) is slightly less facile than the generation of AuTi 3 O 6 − +H 2 O (P5, −0.97 eV). However, generation of P5 involves tight transition states TS13 and TS14 should be entropically less favorable than generation of P4, which is consistent with the experimental result (FIG. 1(f) ). It should be pointed out that the experiments (FIG. 1) indicated that the reactive component of AuTi 3 O 7 − is much more reactive than that of AuTi 3 O 8 − in the reaction with H 2 . However, the current DFT results (FIG. 2  and FIG. 3 ) cannot well explain this difference. It is possible that the IS1 or IS4 (FIG. 2) (FIG. S6 in supplementary materials) .
IV. DISCUSSION
In the field of gas-phase studies, different oxygen species have been proposed to activate and dissociate H 2 . In the reactions of OsO in direct H−H bond dissociation [21] [22] [23] [24] [25] , paralleling the behavior of H 2 dissociation in the condensed phase systems [54, 55] . Furthermore, indirect participation of the superoxide radical (O 2 − ) has also been proposed [22, 23, 25] atom, the two hydrogen atoms, and the O 2 2− unit during H 2 dissociation (I1→TS1→I2) are monitored and provided in FIG. 4(a) . In the intermediate I2, the positively charged H atom in the OOH unit (H2, +0.50 e) and the negatively charged H atom (H1, −0.26 e) in the AuH unit are good indicators of heterolytic cleavage of the H−H bond, which is the most common mechanism of H 2 dissociation by gold-containing species in both of the gas-phase and the condensed-phase systems [2, 11, 21, 54, 55] [58]. In I1, the peroxide O 2 2− and the lattice oxygen O 2− contribute to the HOMO and HOMO−1, respectively, which is consistent with the DFT result (FIG. 2) that the Au + −O 2 2− ion pair is more reactive than the Au + −O 2− ion pair. This gas-phase study parallels well the condensed-phase result that the adsorbed molecular O 2 at the perimeter sites between gold nanoparticles and TiO 2 supports can reduce the barrier for H 2 dissociation [11] .
V. CONCLUSION
In conclusion, the AuTi 3 O 7 − and AuTi 3 O 8 − clusters can react with and dissociate H 2 under thermal collision conditions. To the best of our knowledge, this is the first report that the cluster anions with closed-shell electronic structures can activate and dissociate the very stable di-hydrogen. The H−H bond is cleaved in a heterolytic manner through cooperation of the Lewis acid-base ion pair of Au + −O 2− or Au + −O 2 2− . In the reaction of AuTi 3 O 8 − with H 2 , the ion pair involved with the peroxide unit (Au + −O 2 2− ) is more reactive than that with the lattice oxygen (Au + −O 2− ) for H 2 dissociation. This is in contrast with the common consideration that the lattice oxygen is the reactive oxygen species to dissociate H 2 in the reaction systems of metal oxides. New insights are provided into gold catalysis involving H 2 activation and dissociation.
Supplementary materials: Detailed description of experimental and theoretical methods and additional theoretical results are given.
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